INTRODUCTION
Acyl-CoA binding protein (ACBP) is a highly conserved cytosolic protein, consisting of 86 amino acid residues with an acylated Nterminus Knudsen et al., 1989) . ACBP was found to bind acyl-CoA esters with chain length from C14 to C22 with high affinity Rosendal et al., 1993) . By using photoreactive acyl-CoA esters, the hydrophobic binding site on bovine ACBP was determined to include amino acids 23-38 (Hach et al., 1990) , which was assigned to the second of four alpha-helices (Andersen et al., 1991) .
ACBP has also been suggested to be a modulator of neuroactivity, to be involved in regulation of steroid hormone synthesis and regulation of insulin secretion (for a review see . However, conclusive evidence for the involvement of ACBP in these functions is still to be found (Knudsen and Nielsen, 1990) .
That ACBP participates in acyl-CoA metabolism is supported by its ability to bind with high affinity and to sequester longchain acyl-CoA esters Rasmussen et al., 1990; Rosendal et al., 1993) . These observations, and the fact that the genomic gene of ACBP has all the characteristics of a housekeeping gene (Mandrup et al., 1992) , indicate that ACBP is a housekeeping protein involved in acyl-CoA metabolism and not a protein with specific functions expressed in specific tissues. The observation that the pool of long-chain acyl-CoA esters is dramatically increased when ACBP is over-expressed in yeast shows that ACBP also binds acyl-CoA esters in vivo and thereby forms a pool of long-chain acyl-CoA esters . a regulatory point of view, but the ratio of acyl-CoA to ACBP. The cytosolic ratio of long-chain acyl-CoA to ACBP was shown to be well below 1 in the liver of fed rats. ACBP could compete with the triacylglycerol-synthesizing pathway, but not with the phospholipid-synthesizing enzymes, for acyl-CoA esters. Furthermore, in contrast with FABP, ACBP was able to protect long-chain acyl-CoA esters against hydrolysis by microsomal acyl-CoA hydrolases. The results suggest that long-chain acylCoA esters synthesized for either triacylglycerol synthesis or fioxidation have to pass through the acyl-CoA/ACBP pool before utilization. This means that acyl-CoA synthesized by microsomal or mitochondrial synthetases is uniformly available in the cell. It is suggested that ACBP has a duel function in (1) creating a cytosolic pool of acyl-CoA protected against acyl-CoA hydrolases, and (2) protecting vital cellular processes from being affected by long-chain acyl-CoA esters.
Activation of long-chain fatty acids catalysed by the longchain acyl-CoA synthetase (lc-ACS, EC 6.2.1.3) is the first reaction in fatty acid metabolism. Mitochondria, endoplasmic reticulum and peroxisomes all contain ATP-dependent lc-ACS activity (Shindo and Hashimoto, 1978; Krisans et al., 1980; Singh et al., 1985) . This enzyme is membrane-bound in all three organelles, and the active sites of the enzyme face the cytosol in the endoplasmic reticulum and peroxisomes (Singh et al., 1985; Mannaerts et al., 1982) . The mitochondrial synthetase is an integral part of the outer membrane, exposing its CoA-binding site to the cytosol (Hesler et al., 1990) . The properties of the enzymes in the rat liver mitochondria, microsomes and peroxisomes were indistinguishable, indicating that it is one and the same enzyme (Tanaka et al., 1979; Miyazawa et al., 1985) . This is further supported by the observation that lc-ACS in the three organelles has the same amino acid composition (Suzuki et al., 1990) .
In spite of the central role of the enzyme in fatty acid metabolism, little is known about its regulation. However, longchain acyl-CoA synthesis was shown to be feedback-regulated by hexadecanoyl-CoA, with an apparent K1 of 4 ,tM (Pande, 1973) .
A large number of cellular processes have been reported to be affected by long-chain acyl-CoA esters (see, e.g., Wise and Kuo, 1983; Powell et al., 1985; Pfanner et al., 1989; Prentki et al., 1992) . Two proteins in particular have been shown to be inhibited by extremely low concentrations of long-chain acyl-CoA esters, namely acetyl-CoA carboxylase (ACC; K1 = 1-5 nM ; Nikawa et al., 1979) and adenine nucleotide translocase (ANT;K; < 1 uM; Woldegiorgis et al., 1982 Preparation of rat liver mitochondria and microsomal membranes Rat liver was homogenized in 50 ml of 225 mM mannitol/75 mM sucrose/l mM EGTA/5 mM potassium phosphate buffer, pH 7.4, and mitochondria were obtained by the procedure of Reinhart et al. (1982) , using discontinuous isopycnic Percollgradient centrifugation. Respiratory control index was at least 6 for all mitochondrial preparations used. Rat liver microsomal membranes were obtained as described by Rasmussen et al. (1990) and the rabbit mammary-gland microsomal membranes were prepared as described by Knudsen (1976) .
Protein determination
The concentration of recombinant ACBP was determined by using £280 = 15.4 mM-1 cm-', as determined for native bovine ACBP (Rasmussen et al., 1990) . The amount of protein in mitochondrial and microsomnal membranes was determined by the method described by Schachterle and Pollack (1973) (Morand and Aigrot, 1985) .
After 5 min ofpreincubation at 37°C, the reaction was initiated by addition of the freshly prepared mitochondrial or microsomal fraction, giving a final concentration of 5,ug of mitochondrial/ microsomal protein/ml. The assay mixtures were incubated for the indicated time at 37°C, and stopped by addition of 6 vol. of chloroform/methanol (1: 1, v/v). One portion of each sample was analysed for radioactivity by scintillation counting, and a second sample by high-performance t.l.c. The samples were applied on the plates by using a Camag Linomat IV instrument. The silica-gel plates were developed with chloroform/methanol/ acetic acid/water (50:25:7:3, by vol.) and scanned for radioactivity by using a Berthold Automatic linear t.l.c. analyser. The solvent system used separates acyl-CoA esters, phospholipids and neutral lipids totally. The [1-14C]hexadecanoyl-CoA band was identified by running an authentic standard. The radioactivity incorporated into acyl-CoA was calculated from the distribution of radioactivity on the plates, knowing the total amount of radioactivity loaded on the plates.
To estimate the distribution of fatty acids and acyl-CoA between the incubation medium and the mitochondria, samples were incubated for 15 min at 37°C under the conditions described above, and stopped immediately by cooling them to 0 'C. The samples were centrifuged at 22 000 g for 15 min at 0 'C. A sample of the resulting supernatant and of the remaining part of the supernatant plus pellet was analysed for radioactivity as described above after addition of chloroform/methanol. The distribution of substrate and product could then be determined.
Purification of ACC
ACC was prepared from the mammary gland of lactating rabbits by the method of Tipper and Witters (1982) with a flow rate of 1.0 ml/min. The short-chain acyl-CoA esters were eluted with a linear gradient of 5-50 % buffer B in 30 min, 5 min 50 % buffer B, and back to 5 % buffer B in 5 min. Amounts of malonyl-CoA synthesized were calculated from a standard curve relating the injected amount of malonyl-CoA to the resulting peak area.
Activity of ANT
Oxygen-electrode measurements were performed as described by Lessler and Brierley (1969) . Respiration was initiated by adding succinate (10 mM) and the State-3 respiration was accomplished by adding ADP (2 mM). The concentration of mitochondrial protein was 1 mg/ml. Other conditions used were in accordance with Estabrook (1967 Microsomal hydrolysis of long-chain acyl-CoA esters Rat liver microsomal membranes (300 ,ug of protein/ml) were incubated with cis-9-[1-14C]octadecenoyl-CoA (5 ,uM; sp. radioactivity 10 Ci/mol) for 70 min at 5 'C in 10 mM Tris/HCl (pH 7.4)/100 mM NaCl with or without 5 4aM of L-FABP or ACBP. The amount of acyl-CoA hydrolysis was determined by high-performance t.l.c. as described above after addition of 6 vol. of chloroform/methanol (1:1, v/v).
Extraction and measurements of long-chain acyl-CoA esters Long-chain acyl-CoA esters from rat liver were extracted and quantified as described by Rosendal and Knudsen (1992) . Mitochondria were isolated and purified as described above, and the recovery was calculated from the recovery of cytochrome c oxidase (Hesler et al., 1990) . The mitochondrial suspension (4.0 ml; 50.37 mg/ml) was diluted with water (3.5 ml) and the long-chain acyl-CoA esters were quantified as described above. To prevent metabolism of the acyl-CoA esters, the temperature was kept low (0-4 C) during mitochondrial preparation (20 min).
Determination of ACBP levels by e.l.i.s.a.
ACBP was measured by the multiple-layer linked immunochemical procedure described by Knudsen et al. (1989) .
RESULTS AND DISCUSSION
Effects of ACBP and FABP on mitochondrial Ic-ACS activity Mitochondria prepared by using Percoll-density-gradient centrifugation were used as source of lc-ACS. The synthesis of hexadecanoyl-CoA was linear for 15 min with 5 ,tg/ml mitochondrial protein.
ACBP (30 ,uM) significantly stimulated lc-ACS activity ( Figure  1 ). The initial rate was more than doubled in the presence of ACBP, to 102 nmol/min per mg, compared with 46 nmol/min per mg in the control. FABP has been claimed to stimulate lc-ACS (Wu-Rideout et al., 1976; Burnett et al., 1979; Burrier et al., 1987) . We therefore tested the effect of bovine L-FABP on mitochondrial lc-ACS as well. L-FABP (30 ,uM) did not influence the activity of the synthetase (Figure 1 ). The initial rate was nearly the same in the presence of L-FABP (45 nmol/min per mg) as in the control. The lc-ACS activity was also studied in presence of both ACBP and L-FABP (Figure 1 ). With both proteins present, the activity (94 nmol/min per mg) was similar to that obtained with ACBP alone.
The localization of substrate and product was analysed to obtain evidence as to whether the effect of ACBP on lc-ACS activity was due to removal of inhibitory long-chain acyl-CoA from the mitochondria. At the end of the incubation, the samples were immediately cooled to 0 'C. The mitochondria were spun The present results clearly, for the first time, demonstrate cooperativity between L-FABP and ACBP function. L-FABPs facilitate the diffusion offatty acids through the aqueous medium to the membrane-bound enzymes, thus helping to maintain the concentration of this poorly water-soluble compound at an optimum close to the active sites of the enzymes. ACBP, by its ability to sequester long-chain acyl-CoA esters, contributes by releasing product inhibition of ACS. Together the two proteins have a similar effect, as observed with albumin alone in several enzyme assays (Burnett et al., 1979; Jamdar, 1979; Richards et al., 1991) .
If ACBP stimulates acyl-CoA synthesis by removing longchain acyl-CoA esters from lc-ACS, it would be predicted that saturation ofACBP with acyl-CoA would abolish the stimulating effect of ACBP on lc-ACS. When lc-ACS activity was measured in the presence of hexadecanoyl-CoA/ACBP complex (30 ,aM of each), it was clearly shown that this prediction was correct (Figure 2 ).
An interesting consequence of the results presented above is that acyl-CoA esters synthesized by mitochondrial lc-ACS will be solubilized in the presence of ACBP. This implies that mitochondrial lc-ACS on the cytosolic face of the outer membrane can contribute to the general pool of long-chain acyl-CoA esters, and does not only activate fatty acids destined for mitochondrial fl-oxidation.
The degree of stimulation by ACBP was much smaller when microsomes were used (results not shown), probably because of the artefactual formation of small vesicles, which will act as acceptors for the acyl-CoA esters formed and thereby abolish product inhibition. This notion is supported by the fact that the presence of detergent (1 % tyloxapol) in the incubation completely annuls the effect of ACBP on mitochondrial lc-ACS activity (results not shown). Microsomal fractions are therefore unsuitable for studying product inhibition and the effect of cytosolic proteins on lc-ACS activity. down, and the amounts of hexadecanoyl-CoA and hexadecanoic acid in the supernatant and the pellet were determined ( Table 1) . The results clearly demonstrate that ACBP solubilizes all the hexadecanoyl-CoA produced by the mitochondrial lc-ACS. without affecting the fatty acid distribution significantly. This strongly indicates that the stimulation of lc-ACS by ACBP was due to removal of inhibitory long-chain acyl-CoA from the mitochondria, as lc-ACS has been shown to be product-inhibited (Pande, 1973) . L-FABP solubilizes all the fatty acids and a part of the hexadecanoyl-CoA synthesized, but it had no effect on the rate, indicating that L-FABP can desorb loosely bound acylCoA, but not acyl-CoA placed on the leaving site of lc-ACS. The fact that L-FABP solubilizes all the substrate without affecting the rate strongly indicates that L-FABP can deliver fatty acids directly to lc-ACS. In the presence of both L-FABP and ACBP, practically all of the substrate and product was found in the incubation medium.
Effects of ACBP on glycerolipid synthesis
Knowing that newly synthesized acyl-CoA is bound to ACBP even in the presence of small vesicles, we decided to investigate how ACBP would affect microsomal incorporation of newly synthesized acyl-CoA esters into different lipid classes.
The incorporation of hexadecanoyl-CoA into triacylglycerols decreased with increasing amounts of ACBP in the incubation. On the contrary, ACBP did not affect the synthesis of phospholipids significantly (Figure 3 ). This suggests that phospholipid synthesis is spared at the expense of triacylglycerol synthesis when the acyl-CoA availability is low. The phospholipid synthesis may be directly linked to the synthesis of long-chain acyl-CoA without involving any kind of transport protein, whereas the activity of the triacylglycerol pathway can be influenced by the ratio of long-chain acyl-CoA to ACBP. Therefore it is likely that acyl-CoA synthesized by microsomal lc-ACS for triacylglycerol synthesis is sequestered by ACBP and delivered back to the triacylglycerol-synthesizing enzymes. Thus acyl-CoA esters synthesized by both mitochondrial and microsomal lc-ACS can equally well be used for either microsomal triacylglycerol synthesis or fl-oxidation.
Effect of ACBP on hydrolysis of long-chain acyl-CoA esters Both the cytoplasm and microsomal membranes contain high levels of acyl-CoA hydrolases (Berge, 1979; Berge and Farstad, 1979; Berge et al., 1984) . In addition to ACBP's ability to form an intracellular acyl-CoA pool , and its ability to affect acyl-CoA synthesis, it might also be able to protect intracellular acyl-CoA esters against hydrolysis. To investigate this phenomenon, we incubated cis-9-[l-14C]octadecenoyl-CoA with microsomal membranes and measured acylCoA hydrolysis with and without ACBP present. ACBP, in contrast with L-FABP, was able to protect long-chain acyl-CoA from hydrolysis by microsomal membranes. Without ACBP and FABP present, only 10.51 + 3.05 % of the added acyl-CoA could be recovered, after incubation with microsomal membranes at 0°C for 70 min. Addition of equimolar amounts of acyl-CoA and ACBP or FABP increased the recovery to 86.07 + 7.87 % or 17.01 + 1.86 % respectively. The above results strongly indicate that ACBP is able to create a protected sequestered pool of acylCoA. Due to the high binding affinity of ACBP for acyl-CoA ester and the high acyl-CoA hydrolase activity in both membranes and cytosol, the free acyl-CoA concentration is likely to be very small, and this would be expected to affect the ability of longchain acyl-CoA esters as physiological regulators in vivo. We therefore investigated the regulatory role of acyl-CoA in the presence and absence of ACBP.
Effects of ACBP on ACC activity
Hexadecanoyl-CoA proved, as expected, to be a highly potent inhibitor of ACC activity (Figure 4a) . In a plot with linear scaled abscissa the IC50 value in the control experiment was found to be 0.7 ,uM when 70 nM ACC was present in the incubation mixture.
In the presence of 1 ,M ACBP, the ACC activity remained equal to control until the concentration of hexadecanoyl-CoA had reached 0.8 AsM, and the IC50 value of hexadecanoyl-CoA inhibition was increased to 1.2 #M. In the presence of 4 AtM ACBP the IC50 was increased to 5.3#4M (Figure 4a ). In the experiments with both 1 and 4 AM ACBP, the activity of ACC was unaffected by the presence of hexadecanoyl-CoA as long as the ratio of hexadecanoyl-CoA to ACBP was below 0.8.
ACBP was also able to restore activity of ACC when it was completely inhibited by 5 1sM hexadecanoyl-CoA before addition of ACBP (Figure 4b ).
The low K, (5 nM) for hexadecanoyl-CoA inhibition of ACC activity, and the fact that it has been shown that ACC forms equimolar complexes with hexadecanoyl-CoA even in the presence of phosphatidylcholine (Ogiwara et al., 1978) , implies that ACC has a high affinity for long-chain acyl-CoA esters. However, the above results indicate that ACBP has a higher affinity for long-chain acyl-CoA esters than does ACC. This was further illustrated by a binding assay based on separation of the protein/acyl-CoA from free ligand on a 20 cm x 1.25 cm Sephadex G-50 gel-filtration column. ACC was co-incubated with an equimolar amount of radioactive hexadecanoyl-CoA for 30 min at 25°C and passed over the column. Using this assay we were unable to detect any co-elution of radioactivity with the ACC protein peak (results not shown). We have previously shown a 36% recovery of hexadecanoyl-CoA in the ACBP peak after passing an hexadecanoyl-CoA/ACBP mixture (1:2) over a 285 cm x 1.25 cm Sephadex G-50 gel-filtration column (Rasmussen et al., 1990) . Evidently, ACC has a much lower affinity for long-chain acyl-CoA esters than does ACBP. We failed by all other means to measure the relative affinities of long- (Devaux et al., 1975) . In order to avoid hydrolysis of the long-chain acyl-CoA esters during incubation with mitochondria, the non-hydrolysable hexadecanoyl-CoA analogue Shexadecyl-CoA was used. Binding studies have shown that S-hexadecyl-CoA binds to ACBP with an affinity similar to that of hexadecanoyl-CoA (Bortz and Lynen, 1963; Tubbs and Garland, 1964; Woldegiorgis et al., 1985; Prasad et al., 1987; Panov et al., 1991; Tardi et al., 1992 We have used a newly developed method to determine the tissue concentration of long-chain acyl-CoA esters. By using this method we found that the liver of fed rats contained 51.5 + 2.6 nmol of long-chain acyl-CoA/g of liver (Table 2) . Mitochondria were shown to contain 14.5 % of the total longchain acyl-CoA, corresponding to 0.23 nmol/mg of mitochondrial protein. This is in accordance with the 0.2 nmol/mg of mitochondrial protein reported for epididymal adipocyte mitochondria (Moore et al., 1992) .
The ACBP content in the livers used for acyl-CoA determination above was 53.3 + 3.9 nmol/g of tissue, giving a ratio of long-chain acyl-CoA to ACBP of 0.97 + 0.09. With 15 % of the long-chain acyl-CoA located in the mitochondria, the cytosolic long-chain acyl-CoA/ACBP ratio is 0.82 + 0.09. However, the cytosolic pool must be even smaller, because some long-chain acyl-CoA is located in peroxisomes and in membranes, being bound to acyl-CoA metabolizing enzymes. The resulting cytosolic acyl-CoA/ACBP ratio is therefore likely to be lower than 0.82.
Conclusion
The present data strongly indicate that it is ACBP and not FABP which is involved in desorbing long-chain acyl-CoA esters from lc-ACS, and thereby forming an intracellular protected pool of these esters. The results also indicate that long-chain acyl-CoA synthesized by either mitochondrial or microsomal lc-ACS may enter the acyl-CoA/ACBP pool, making long-chain acyl-CoA esters synthesized by both forms of lc-ACS uniformly available in the cell. Furthermore, the data show that lc-ACS needs to be studied in intact membranes in order to obtain the true regulatory properties and activities of the enzyme.
Akerboom et al. (1977) showed that the inhibitory effects of long-chain acyl-CoA esters on mitochondrial nucleotide transport were not seen in intact liver cells. The present results, which clearly demonstrate that ACBP efficiently protects ACC and ANT against the inhibitory effect of long-chain acyl-CoA esters, may explain why the potent inhibitory effects of these esters are not seen in vivo. If the acyl-CoA/ACBP ratio is below 1 in vivo, long-chain acyl-CoA esters would not be expected to affect nucleotide transport and ACC activity irrespective of the actual level of long-chain acyl-CoA. Thus the ratio of long-chain acylCoA esters to ACBP is the key parameter from a regulatory point of view, rather than the level of long-chain acyl-CoA esters.
It is shown that the acyl-CoA/ACBP level in fed-rat liver is below 0.8, and that ACC and ANT therefore will be unaffected by long-chain acyl-CoA esters, although the 
